), leading to improved Coulombic and energy efficiencies in Vanadium redox flow batteries (VRFBs). Therefore, the Ullmann coupling extension is a valuable approach for the development of high performance anion exchange membranes for VRFBs.
INTRODUCTION
Vanadium redox flow batteries (VRFBs) are of tremendous interest over the past decades, owing to their outstanding merits such as low cost, fast response, high efficiency, good cycling stability, and promising application in large-scale energy storage [1] [2] [3] . As one of the key components in VRFBs, ion exchange membranes (IEMs) act as the separator sandwiching between catholyte and anolyte to prevent the cross-mixing of the electrolytes while allowing the migration of conductive ions (H + or SO 4 2− ) to complete the electrical circuit. An ideal IEM should possess high ion conductivity, low vanadium permeability, robust mechanical strength, and good chemical stability [4, 5] . Nafion, a typical perfluorinated sulfonic acid membrane developed by DuPont, has been widely acknowledged as the benchmark material for VRFBs due to its high proton conductivity and excellent chemical stability. However, it has been limited by the high vanadium permeability and high cost [6, 7] . Many efforts have been focused on modified Nafion [8] or alternative hydrocarbon IEMs such as sulfonated poly(arylene ether) [9] and pyridinium-functionalized poly(2,6-dimethyl-1,4-phenyleneoxide), etc. [10] . Among them, the anion exchange membranes (AEMs) have attracted lots of attention because of their ultra-low vanadium permeability and high Coulombic efficiency rooted from the Donnan exclusion effect [11] .
Quaternary ammonium (QA) functionalized poly (arylene ether)s (PAEs) are of a significant category of AEM materials that have been widely studied over the past decade [12] [13] [14] [15] [16] . Various backbone structures have been reported, including poly(2,6-dimethyl-1,4-phenylene oxide)s [17] [18] [19] [20] , poly(fluorenyl ether ketone)s [21] , poly(fluorenyl ether sulfone)s [22, 23] , poly(phenolphthalein ether sulfone nitrile)s [24] , poly(phthalazinone ether ketone)s, etc. [4] . These AEMs are usually flexible and robust, with tunable ion exchange capacities (IECs), water uptakes, and anion conductivities [25, 26] .
While their alkaline stability is limited for alkaline fuel cell/electrolyzer applications, their stability under acidic or neutral conditions is reasonably high, making them very attractive for those devices that are operating under non-alkaline conditions [3, 4] .
It is still challenging to synthesize QA functionalized PAEs with enhanced anion conductivities for AEMs using new chemistries. Conventionally, QA functionalized PAEs are synthesized by either chloromethylation or bromomethylation of the PAE precursors and their subsequent reaction with a desired amine (most often trimethylamine). For chloromethylation route, the PAE precursors should contain electron-rich phenyl rings that are not connected to any electron-withdrawing group such as ketone or sulfone. Nevertheless, the chloromethylation requires the use of carcinogenic chloromethylation reactant (e.g., chloromethyl methyl ether), and the reaction degree is hard to control, with the risk of cross-linking [27] . These drawbacks hindered the employment of chloromethylation in the design and preparation of high performance AEMs. In contrast, the bromomethylation route uses benzylmethyl-containing PAE precursors and non-carcinogenic bromomethylation reactant (e.g., N-bromosuccinimide). A reaction degree of 70%-80% can be easily achieved without the risk of crosslinking. Therefore, many studies have been focused on the synthesis of benzylmethyl-containing PAE precursors with special structures for bromomethylations [28, 29] .
The most straightforward technique to achieve high anion conductivity in AEMs at a given IEC is to create phase segregated morphologies, where the ion-containing hydrophilic phase forms ionic channels for efficient anion conduction [30] . For the bromomethylation route, it is important to tether the benzylmethyl groups to a confined segment of polymer chains, so that the bromomethylation and quaternization can be directed to that confined segment for the formation of ion clusters. Note that the poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is a commercially abundant and relatively cheap resin containing two benzylmethyl groups at each repeat unit. It can only be randomly brominated. Alternatively, those PAE precursors that are polymerized from multi-benzylmethyl-containing monomers have been brominated successfully at the targeted positions to result in the formation of distinct phase separations [31] . Previously, we have reported the synthesis of a monomer containing six benzylmethyl groups and the corresponding AEMs [32] . Enhanced anion conductivities have been obtained, inspiring us to further increase the number of benzylmethyl groups in monomers. Herein, we report our effort to (i) synthesize a novel bisphenol monomer containing eight benzylmethyl groups using Ullmann coupling extension -the first application of the reaction in the synthesis of multi-benzylmethyl containing monomers, (ii) the polymerization, bromination, and quaternization of the novel monomer to yield QA functionalized PAEs, (iii) the detailed characterization of the products for the understanding and development of high performance AEMs for VRFBs.
EXPERIMENTAL SECTION
Materials 9,9'-Bis(3,5-dimethyl-4-hydroxyphenyl)fluorene (DMHPF) was synthesized according to a previously reported method [33] . 4,4'-Difluorobenzophenone was recrystallized from ethanol. Other chemicals were obtained from commercial sources and used as received.
Synthesis of octa-benzylmethyl-containing compound a
The reaction route was depicted in Scheme 1. To a 500 mL three necked round-bottom flask equipped with a magnetic stirrer were charged 25.00 g (61.5 mmol) of DMHPF, 33.84 g (157.3 mmol) of 4-bromo-2,6-dimethylanisole, 34.04 g (246.5 mmol) of anhydrous potassium carbonate, 5.83 g (40.6 mmol) of cuprous bromide, 21 mL of pyridine, and 300 mL of N,N-dimethylformamide. The mixture was refluxed under argon atmosphere at 165°C for a week. After cooling down, the black reaction mixture was carefully acidified with hydrochloric acid to a pH 2. A brown solid was precipitated from the reaction mixture, which was removed by filtration. The remaining mixture was diluted with 500 mL of deionized water and extracted with dichloromethane (DCM). The DCM phase was collected, dried over anhydrous MgSO 4 , filtrated, and evaporated, yielding 14.35 g of dark brown and viscous oil product. The product was purified by column chromatography using cyclohexane and DCM as eluents to achieve compound a as a white solid with 29.1% yield.
Synthesis of octa-benzylmethyl-containing compound b
To a 250 mL three necked round-bottom flask were added 5.17 g (7.66 mmol) of compound a and 130 mL of DCM. 4.66 g (18.5 mmol) of boron tribromide was mixed with 18.5 mL of DCM, and added dropwise to the flask at about -78°C under Ar atmosphere during a course of 1 h. After that, the reaction temperature was allowed to increase to room temperature naturally. The reaction mixture was stirred at room temperature for 10 h, diluted with 200 mL of DCM, extracted with deionized water, dried over anhydrous MgSO 4 , and then concentrated. The product was subjected to column chromatography using cyclohexane and DCM as eluents to give pure compound b in nearly quantitative yield.
Copolymerization
As depicted in Scheme 2, the octa-benzylmethyl-containing compound b was copolymerized with various amounts of 4,4'-difluorobenzophenone and 9,9-bis(4-hydroxyphenyl)fluorene to yield octa-benzylmethyl-containing poly(fluorenyl ether ketone)s. The polymers were noted as OMPFEK-x, where x represents the molar content of compound b in the bisphenol compounds. The representative synthesis of OMPFEK-20 was given as follows. To a 25 mL three necked round-bottom flask equipped with a Dean−Stark trap, an Ar inlet and outlet, a magnetic stirrer and a condenser were charged 0.3881 g (0.6 mmol) of compound b, 0.8410 g (2.4 mmol) of 9,9-bis(4-hydroxyphenyl)fluorene, 0.6546 g (3 mmol) of 4,4'-difluorobenzophenone, 0.6219 g (4.5 mmol) of K 2 CO 3 , 10 mL of N,N-dimethylacetamide (DMAc), and 6 mL of toluene. The mixture was heated at~145°C for 3 h under Ar atmosphere to remove the produced water, and then the toluene was distilled out of the mixture. After that, the reaction temperature was raised to 165°C and maintained for 15 h. Lastly, the reaction temperature was cooled down to~80°C, and the viscous mixture was poured into deionized water to form a fiberlike solid, which was collected by filtration, purified by re-dissolving in DCM and precipitating in methanol, and then dried under vacuum at 80°C for 24 h.
Bromination
The OMPFEKs were brominated using one equivalent of N-bromosuccinimide (NBS) per benzylmethyl group, as depicted in Scheme 2. A typical procedure for the synthesis of Br-OMPFEK-20 was shown as follows: 1.00 g of OMPFEK-20, 0.50 g (2.72 mmol) of NBS, 0.03 g (0.14 mmol) of benzoyl peroxide and 20 mL of 1,2-dichloroethane were placed into a 50 mL three-necked flask. The mixture was heated at 85°C for 5 h under an argon atmosphere. Upon cooling to room temperature, the mixture was poured into 200 mL of methanol. Fibrous solid was formed and collected by filtration. The solid was re-dissolved in DCM, precipitated in methanol, collected by filtration, and dried under vacuum at 60°C for 24 h. The products were named as Br-OMPFEK-x, where x represents the molar content of compound b in the bisphenol compounds during polymerization.
Quaternization
As shown in Scheme 2, the Br-OMPFEK-x was quaternized by mixing the polymer solution with an excess amount of trimethylamine to yield QA-OMPFEK-x, where x represents the molar content of compound b in the bisphenol compounds during polymerization. A typical procedure was given as follows: 0.55 g of Br-OMP-FEK-20 was dissolved in 10 mL of DMAc in a glass vial. 0.6 mL of trimethylamine aqueous solution (30 wt%) was added dropwise over a course of 3 min. Then, the container was sealed, and the mixture was stirred at room temperature for 24 h. After that, the mixture was poured into a glass plate and kept in an oven at 80°C to evaporate the solvents. A brown solid product QA-OMPFEK-20 was obtained. The prefix "QA" was used in the sample names to designate quaternary ammonium functionalized samples.
Membrane preparation
The AEMs prepared by dissolving the QA-OMPFEKs in DMAc with a concentration of about 8 wt/vol% and then filtered through a plug of cotton, cast onto a leveled glass plate, dried at 70°C under ambient pressure for 24 h and dried under vacuum at 80°C for an additional 24 h. The membrane was peeled from the glass plate and stored in fresh deionized water. The SO 4 2− form membranes were obtained by immersing the Br − form membranes in 1 mol L −1 Na 2 SO 4 for 24 h, followed by immersing in deionized water for 24 h with water being refreshed three times.
Characterization 1 H NMR spectra were recorded on a Bruker AVANCE III 500 instrument and the chemical shifts were listed in parts per million (ppm) downfield from tetramethylsilane (TMS). FT-IR spectra were recorded on a Thermo Nicolet 5700 FT-IR spectrometer using the transmission mode.
Gel permeation chromatography (GPC) analysis was performed on a Malvern Viscotek system equipped with a Viscotek TDA305 detector. Tetrahydrofuran was used as the elution solvent with a flow rate of 1 mL min −1 . Nearly monodisperse polystyrene standards were used for GPC calibration. The samples were fully dried prior to test. Small angle X-ray scattering (SAXS) data were collected on an Anton Paar SAXSess mc 2 instrument. X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo Scientific ESCALAB 250 spectrometer model with monochromatized Al Kα radiation as the excitation source. Thermal stabilities were analyzed using a TA SDT-Q600 thermogravimetric analyzer (TGA) with a heating rate of 10°C min −1 under nitrogen atmosphere (flow rate: 100 mL min Water uptake and swelling ratio of membranes were measured at 25, 40, 60 and 80°C. The samples were immersed in deionized water and equilibrated at the corresponding testing temperatures for 24 h. The water uptake and swelling ratio were then calculated from the following equations:
where m d and m w are the weight of the membranes before and after water absorption, respectively; l w and l d are the length of the membranes before and after water absorption, respectively.
In-plane ion conductivities of the membranes were measured by a Solartron 1260A frequency response analyzer as previously reported [34, 35] . The samples were submerged in ultrapure water during measurements. The conductivities were calculated from the following equation: σ=d/RA; where the resistance R is derived from the intercept of the low-frequency impedance with the Re(Z') axis, S is the cross-sectional area available for ion transport, and d is the distance between the two electrodes. VO 2+ permeability was measured according to the literature [36] .
H 2 SO 4 solution and 35 mL of 1 mol L −1 MgSO 4 in 2 mol L −1 H 2 SO 4 solutions were filled into two reservoirs separated by the membrane. MgSO 4 was used to equalize the osmotic pressure between two reservoirs. The two solutions were continuously stirred at room temperature and the samples of the MgSO 4 solution were taken at a regular time intervals for the measurement of VO 2+ concentration using a Metash UV-5800HPC UV-vis spectrophotometer. The VO 2+ permeability (D) was cal- 
RESULTS AND DISCUSSION

Monomer synthesis
The octa-benzylmethyl-containing compound b was synthesized by the Ullmann coupling of 9,9'-bis(3,5-dimethyl-4-hydroxyphenyl)fluorene (DMHPF) with 4-bromo-2,6-dimethyl anisole to yield an intermediate compound a, which was then followed by BBr 3 facilitated O-demethylation. The chemical structures of compounds a and b were confirmed by 1 H NMR spectra, Fig. 1 . For compound a, the singlet peaks at 2.05 and 2.23 ppm are assigned to the two types of benzylmethyl groups (protons 1 and 2), and the singlet peak at 3.69 ppm is assigned to the methoxyl groups (proton 3). For compound b, the singlet peaks representing the benzylmethyl groups changes slightly to 2.03 and 2.19 ppm, and the singlet peak representing the methoxyl groups disappears. A new singlet peak at 4.32 ppm is observed, which is assigned to the phenol groups (proton 3) of compound b. These 1 H NMR results prove the successful extension of the tetrabenylmethyl-containing compound DMHPF to the octabenzylmethyl-containing compound b. It is thus expected that such Ullmann coupling reaction can be applied to any other benzylmethyl-containing bisphenol monomers for AEMs.
Polymer synthesis
The octa-benzylmethyl-containing poly(fluorenyl ether ketone)s (OMPFEKs) were synthesized by the condensation polymerization of compound b with various amounts of 9,9-bis(4-hydroxyphenyl)fluorene and 4,4'-difluorobenzophenone. Fibrous products with inherent SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215 viscosity of~0.6 dL g −1 and number-average molecular weight of~60 kDa were achieved (Table 1) . The representative 1 H NMR spectra of OMPFEK-20 are shown in Fig. 2 , with the two singlet peaks at 2.07 and 2.10 ppm being assigned to the benzylmethyl groups. The bromination of OMPFEKs converted the benzylmethyl groups to the bromomethyl groups to yield Br-OMPFEKs, with the corresponding 1 H NMR peaks showing at 4.30 and 4.33 ppm. Based on the integral area ratio of the peak for the bromomethyl groups and the peak for the remaining benzylmethyl groups, a conversion degree of~80% can be derived for the Br-OMPFEKs. The number-average molecular weight of Br-OMPFEKs are decreased to~50 kDa, Table 1 , probably because of minor cleavage of polymer backbone during bromination. Treating the Br-OMPFEKs with trimethylamine, the quaternary ammonium functionalized poly(fluorenyl ether ketone)s (QA-OMPFEKs) were obtained, as evidenced by the 1 H NMR spectrum in Fig. 2 . It can be seen that a new broad peak at 3.23 ppm shows up for the QA-OMPFEK-20 compared to the 1 H NMR spectrum of Br-OMPFEK-20. This broad peak indicates the successful conversion of bromomethyl groups to QA groups. In another word, the QA groups have been tethered successfully to the benzylmethylcontaining segments of OMPFEKs as designed.
The FT-IR spectra of the polymers were measured to give more structural information, Fig. 3a . The absorption peak at 3,063 cm −1 can be assigned to the vibration of aromatic C-H bond. The absorption peaks at 2,951 and 2,916 cm −1 can be ascribed to the vibration of aliphatic C-H bond on the methyl and/or methylene groups. The absorption peaks at 1,592 and 1,502 cm −1 can be assigned to the vibration of aromatic C=C bond on the benzene rings. The absorption peak at 1,657 cm −1 can be assigned to the vibration of C=O bond on the ketone groups. It should be noted that the FT-IR spectra for OMPFEK-20, Br-OMPFEK-20, and QA-OMPFEK-20 are nearly identical. This may be due to the low absorption intensity and the peak overlap of the new C-Br and C-N bonds with other functionalities on the OMPFEK backbones [32, 39] .
To further prove the composition of QA-OMPFEKs, the XPS survey spectrum were employed, Fig. 3b . The peaks at 284.6 and 532.3 eV are observed for the emissions of C 1s and O 1s from the OMPFEK backbones, respectively. Moreover, a peak at 400.2 eV is observed, which can be ascribed to the emission of N 1s. The existence of this peak clearly indicates the content of QA groups in the sample, a conclusion that cannot be drawn solely from the FT-IR results. The peaks at 68.3, 181.4 and 256.2 eV can be ascribed to Br 3d, 3p and 3s emissions, indicating the existence of Br − as the counter anions. The XPS and FT-IR results are in good agreement with the 1 H NMR result, verifying the successful synthesis of QA-OMPFEKs.
Figure 1
1 H NMR spectra of octa-benzylmethyl-containing compounds a and b in CDCl 3 . Water uptake, swelling ratio and anion conductivity Anion conductivity is a core property of AEMs, which is mainly affected by IEC, ion distribution, and water uptake [40] . In order to investigate the relationship among them, the water uptake, swelling ratio and anion conductivity of QA-OMPFEKs with different IECs and counter-ions were measured. A control AEM (QA-TMPFEK-40, Scheme 3) made from tetra-benzylmethylcontaining poly(fluorenyl ether ketone) was also characterized for comparison. The synthesis procedure for QA-TMPFEK-40 was documented in the Supplementary Information. Note that the benzylmethyl group content in TMPFEK-40 and OMPFEK-20 is almost the same, but the benzylmethyl group distribution is significantly different. Therefore, the performance difference of QA-TMPFEK-40 and QA-OMPFEK-20 would mainly arise from the distribution difference of the QA groups along the polymer backbone. By varying the loading amount of octa-benzylmethylcontaining mononer b, four QA-OMPFEKs with IECs ranging from 0.96 to 2.05 mmol g −1 were obtained, as shown in Table 2 . At room temperature, the water uptake and swelling ratio of QA-OMPFEKs increase monotonically with the increasing IEC. For example, the water uptake of QA-OMPFEK-10 with the counter-ion of Br − is 9.9%, while that of QA-OMPFEK-25 is 18.2%. The Br − conductivity of QA-OMPFEKs also increases with the increasing IEC, from 1.24 mS cm −1 of QA-OMPFEK-10 to 4.18 mS cm −1 of QA-OMPFEK-25. This increase in Br − conductivity can be mainly attributed to the higher ionic content and higher degree of hydrophilicity of the QA-OMPFEKs with higher IECs. Since sulfate is the main charge carrier of the AEM in the VRFBs with sulfuric acid-based electrolyte [3], the water uptake, swelling ratio and conductivity of the SO 4 2− form AEMs were also characterized and listed in Table 2 . The SO 4 2− conductivity is found to be higher than the Br − conductivity, which may be attributed to the higher mobility of SO 4 2− and higher water uptake of samples in SO 4 2− form compared to Br − form [41] . Weiber et al. [42] reported a series of polysulfone based AEMs with highly localized cation groups. The QA sample c4PAES-1.8Q had an IEC of 1.8 mmol g −1 , a water uptake of 28%, and a Br − conductivity of 1.3 mS cm −1 at 20°C. Yun et al. [43] reported a QA functionalized poly(aryl ether ketone)s with an IEC of 1.54 mmol g −1 which showed a water uptake of 36% and a SO 4 2− conductivity of 5.6 mS cm −1 at 30°C. Therefore, the anion conductivity of QA-OMPFEK-20 is comparable to these similar systems with densely localized ionic groups.
It has been found that the QA-TMPFEK-40 has slightly higher IEC and water uptake than QA-OMPFEK-20, Table 2 . Interestingly, the Br − and SO 4 2− conductivity of QA-TMPFEK-40 is only 56.2% and 50.1% of those of QA-OMPFEK-20 at room temperature, respectively. To get a better understanding of this phenomenon, the water ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   218 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Based on these observations, we surmise that the higher amount of QA groups on the specific segments (local charge density) of QA-OMPFEK-20 compared to QA-TMPFEK-40 may facilitate the formation of ionsegregated phase and lead to the increase in anion conductivity, despite the fact that the QA-OMPFEK-20 exhibits slightly lower water uptake and swelling ratio than QA-TMPFEK-40.
Membrane morphology
The local density of quaternary ammonium groups in QA-OMPFEK-20 is nearly twice as that in QA-TMPFEK-40, as depicted in Fig. 5a . To probe the phase behavior of QA-OMPFEK-20 and QA-TMPFEK-40, small-angle Xray scattering (SAXS) was employed, as shown in Fig. 5b . It can be seen that the SAXS pattern of QA-OMPFEK-20 exhibits an obvious scattering peak at q = 0.65 nm −1 . Inter-domain distance (d) is then calculated to be 9.2 nm. In contrast, the SAXS pattern of QA-TMPFEK-40 doesn't exhibit any scattering peak above the baseline. Since the scattering peak for AEMs is originated from the ionsegregated phase [45] , this SAXS result validates the existence of distinct phase separation in QA-OMPFEK-20 rather than QA-TMPFEK-40.
Thermal stability
The thermal properties of QA-OMPFEK-20 and QA-TMPFEK-40 were evaluated by thermogravimetric analysis (TGA) under N 2 atmosphere. As shown in Fig.  6a , the OMPFEK-20 and TMPFEK-40 are thermally stable up to~400°C, a typical stability of poly(arylene ether) backbones [46] . After bromination, a two-stage Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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February 2019 | Vol. 62 No. 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 decomposition profile can be observed for both the samples, namely Br-OMPFEK-20 and Br-TMPFEK-40. The first stage can be attributed to the decomposition of the bromomethyl groups, while the second stage is still the decomposition of the aromatic backbones. The final quaternization step keeps lowering the initial decomposition temperature to~190°C while maintaining the two-stage decomposition profile of brominated samples. The first stage can be attributed to the decomposition of the QA groups, while the second stage is the decomposition of the aromatic backbones [21, 27] . The 5% weight-loss temperatures (T d-5% ) for QA-OMPFEK-20 and QA-TMPFEK-40 are 236.0°C and 250.6°C, respectively. Therefore, the thermal stability of both the QA-OMPFEK-20 and QA-TMPFEK-40 are satisfying for AEM applications.
Mechanical property
The mechanical properties of AEMs are critically important for the device fabrications. Usually, the mechanically weak membranes need to be thick enough and perhaps supported by other matrix, resulting in the high resistance of the membrane toward ion conduction. However, the mechanically strong membranes can be made into stand-alone and thin membranes with low resistance. The stress-strain curves of QA-OMPFEK-20, QA-TMPFEK-40, and Nafion N212 were shown in Fig.  6b . It can be seen that Nafion N212 has the lowest tensile strength while the highest elongation-at-break. The QA-OMPFEK-20 is more robust than the QA-TMPFEK-40, with a tensile strength of 32.1 MPa and an elongation-atbreak of 15.9% for the former comparing to a tensile strength of 24.4 MPa and an elongation-at-break of 14.6% for the latter. This is most likely because that the QA-TMPFEK-40 has slightly higher water uptake than QA-OMPFEK-20 as shown above, and the water can act as plasticizer in the membrane to decrease the cohesion of the polymer chains. Nevertheless, the mechanical properties of both the QA-OMPFEK-20 and QA-TMPFEK-40 are promising as compared to other similar systems that have been demonstrated to be suitable for AEM applications [32, 47] . 
Chemical stability
VRFB performance
The QA-OMPFEK-20 was evaluated against QA-TMPFFEK-40 and Nafion N212 as the separator for VRFBs. The VO 2+ permeability of the membranes was measured according to a conventional method since it is one of the key parameters for VRFB separators [30, 48] ). This is probably because that the ). This can be attributed to the Coulombic repulsion of the vanadium species by the QA groups of the AEMs [3, 38] .
The charge/discharge performances of the QA-OMP-FEK-20, QA-TMPFEK-40 and Nafion N212 batteries were measured at a current density of 40 mA cm -2 . As shown in Fig. 8a , the QA-OMPFEK-20 battery has longer charge/discharge time than the QA-TMPFEK-40 battery, presumably because of the lower VO 2+ permeability of QA-OMPFEK-20. The Coulombic efficiency (CE) of the QA-OMPFEK-20 battery is thus calculated to be 94.0%, higher than that of the QA-TMPFEK-40 battery (89.9%). Moreover, the voltage efficiency (VE) of the QA-OMP-FEK-20 battery (86.8%) is also higher than that of the QA-TMPFEK-40 battery (85.5%), which is most likely due to the higher SO 4 2− conductivity of QA-OMPFEK-20 as shown above. The Nafion N212 battery has the lowest Coulombic efficiency (88.4%) while the highest voltage efficiency (87.9%), which can be attributed to the highest VO ) of Nafion. Nevertheless, the energy efficiency (EE) of the QA-OMPFEK-20 battery (81.6%) is the highest among all the three batteries.
The cycling stability of the QA-OMPFEK-20, QA-TMPFEK-40 and Nafion N212 batteries at a current density of 40 mA cm -2 is shown in Fig. 8b . It can be seen that all of the three VRFBs show minor change in both CE and EE after 20 cycles, implying the remarkable stability of the batteries. The decay of discharge capacity of the three VRFBs during cycling is shown Fig. 8c . It can be seen that the QA-OMPFEK-20 battery exhibits the lowest capacity decay after 20 cycles. This could be attributed to the lowest VO 2+ permeability of the QA-OMPFEK-20 among the three membranes.
The rate performance of the QA-OMPFEK-20, QA-TMPFEK-40 and Nafion N212 batteries is shown in Fig. 8d . It can be seen that the CE of the VRFBs increases with the increasing current density, which may be attributed to the less crossover of the vanadium ions at the higher current densities because of the shorter charge/ discharge time. The VE of the VRFBs decreases with the increasing current density, which can be attributed to the higher Ohmic polarization at higher current densities [5, 49] . The maximum EE is found to be 79.8%, 78.7%, and 82.0% for the Nafion N212, QA-TMPFEK-40, and QA-OMPFEK-20 batteries, respectively, at a current density of 60 mA cm −2 . Given these promising cell performance, it can be concluded that the QA-OMPFEK-20 is a highly promising candidate for VRFBs.
CONCLUSIONS
An octa-benzylmethyl-containing bisphenol compound b was successfully synthesized from a tetra-benzylmethylcontaining bisphenol compound (DMHPF) by Ullmann coupling extension with 4-bromo-2,6-dimethylanisole followed by BBr 3 facilitated O-demethylation. A series of QA functionalized octa-benzylmethyl-containing poly . . . . . . . . . . . . . . . . . . . . . . . . . . . . ) made from the DMHPF using a same protocol. This enhanced SO 4 2− conductivity of QA-OMPFEK-20 was attributed to the densely functionalized QA groups that formed well-defined ion-segregated phase, which was validated successfully by the SAXS technique. Along with the water uptake, swelling ratio, thermal stability, chemical stability and mechanical property characterizations, it was demonstrated that the QA-OMPFEK-20 could be a promising candidate for high performance AEMs under acidic conditions. Indeed, the VRFB assembled with QA-OMPFEK-20 exhibited higher Coulombic and energy efficiencies than the VRFBs assembled with QA-TMPFEK-40 and Nafion N212 under the same condition. Therefore, the Ullmann coupling is a powerful tool for the synthesis of multi-benzylmethylcontaining bisphenol monomers for ion-segregated AEMs based on poly(arylene ether) backbones. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   222 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
